Glass fiber-reinforced polymer (GFRP) 
INTRODUCTION
Glass fiber-reinforced polymer (GFRP) bars are a competitive option as reinforcement in reinforced concrete (RC) members subjected to flexure and shear due to their compelling physical and mechanical properties; corrosion resistance; and, above all, electromagnetic transparency. The use of GFRP reinforcement is particularly attractive for structures that operate in aggressive environments, such as in coastal regions, or for buildings that host magnetic resonance imaging (MRI) units or other equipment sensitive to electromagnetic fields. Nonetheless, the behavior of GFRP bars as longitudinal reinforcement in compression members is still a relevant issue to be addressed. Different modes of failure (transverse tensile failure, fiber microbuckling, or shear failure) may characterize the response of the FRP bars in compression, depending on the type of fiber, fiber volume fraction, and type of resin. 1 Testing of FRP bars in compression is typically complicated by the occurrence of fiber microbuckling due to the anisotropic and nonhomogeneous nature of the FRP material, and can lead to inaccurate measurements. 2 Therefore, standard test methods are not established yet. 1 For the case of GFRP bars, reductions in the compressive strength and elastic modulus by up to 45 and 20% with respect to the values in tension, respectively, have been reported. [3] [4] The reduced compressive strength and stiffness of FRP bars contribute to make FRP RC columns more susceptible to instability. Because of the scarcity of relevant research outcomes and experimental evidence, ACI 440.1R-06 1 recommends not to rely on FRP bars as longitudinal reinforcement in columns or as compression reinforcement in flexural members.
Background
Alsayed et al. 5 investigated the effect of replacing longitudinal steel bars (reinforcement ratio of 1.07%) and ties with an equal amount of GFRP bars and ties. Based on the results of tests performed on 17.7 x 9.8 x 47.2 in. (450 x 250 x 1200 mm) columns under concentric loads, it was reported that replacing longitudinal steel bars with GFRP bars by maintaining the same reinforcement ratio reduced the capacity by 13%, irrespective of the type of ties (steel or GFRP). Replacing only the steel ties with GFRP ties reduced the capacity by 10%, with no influence on the load-deformation response up to approximately 80% of the peak capacity. Mirmiran et al. 6 conducted a parametric study for the analysis of slender FRP RC columns. It was shown that even though FRP RC columns are more susceptible to instability failure than steel RC columns, the design practice of using moment magnification factors is also applicable to FRP RC columns. In another research program by Mirmiran, 7 it was concluded that the slenderness limits should be lowered when using longitudinal FRP reinforcement when maintaining a minimum reinforcement ratio of 1%. Based on these parametric studies, it is recommended that the current slenderness limit of 22 for steel RC columns bent in single curvature be reduced to 17 for FRP-RC columns.
The ACI Building Code 8 bases the axial load capacity equation and the tie requirements for steel RC columns on research carried out at Lehigh University and the University of Illinois in the early 1930s. [9] [10] [11] [12] [13] [14] The maximum concrete stress was found to be approximately 85% of the compressive strength of a 6 x 12 in. (152.4 x 308.4 mm) concrete cylinder, at a strain where the yield stress of the reinforcing steel, f y , was attained. 15 The nominal capacity of an axially loaded RC column, P n , was defined as the sum of the forces carried by the concrete, P c , and the steel, P s , as given by the following equation (1) where A g is the gross cross-sectional area of the column, A s is the area of the longitudinal steel reinforcement, and f c ′ is the nominal compressive strength of the concrete. ACI 318-08 8 requires that the vertical spacing of ties not exceed 16 longitudinal bar diameters (to prevent bar buckling), [16] [17] [18] 48 tie diameters (to ensure sufficient tie area to restrain the lateral displacement
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by Antonio De Luca, Fabio Matta, and Antonio Nanni of the longitudinal bars), 16, 17 or the least lateral dimension of the column (to develop the maximum strength of the concrete core). 16 Experimental studies performed between the late 1950s and early 1960s showed that ties provide transverse constraint to the concrete core, causing the column to fail in a more gradual manner than without ties. 17 It was also found that ties offered sufficient restraint against buckling of the longitudinal bars up to compressive failure of the concrete, with negligible influence on the peak load.
18

Objectives
To focus on the compressive behavior of GFRP bars, the research presented herein addresses full-size tied RC columns subjected to pure axial loads and sufficiently stocky to ignore slenderness effects. The condition of pure axial load is atypical for RC columns given that they always transmit axial compressive loads together with bending moments, but this condition represents the first step to understand whether or not GFRP bars can be used as internal reinforcement for RC columns. In particular, this study aims at:
• Investigating the impact of the compressive behavior of longitudinal GFRP bars on strength and failure mode; • Investigating the contribution of GFRP ties to concrete confinement and to prevent instability of the longitudinal reinforcement; and • Assessing the influence of different GFRP bars of comparable quality on column performance.
Specimen size
An important novelty is the size of the column specimens, which provides the opportunity to investigate and validate the technology on the basis of experimental evidence indicative of real case scenarios. Very few experimental research studies have studied the influence of the size of RC columns on their structural behavior. [19] [20] [21] [22] Bažant and Kwon 20 tested a total of 26 scaled RC columns of different sizes under eccentric axial load. The existence of a size effect on the peak loads was observed that was consistent with the fracture mechanicsbased mathematical formulation derived by Bažant. 19 Sener et al. 21 tested a total of 27 square RC columns with different scales and slenderness ratios under concentric axial loads. The largest cross section had dimensions 7.9 x 7.9 in. (200 x 200 mm) and reinforcement ratios of 4.91%. It was found that a reduction in strength occurred at increasing size and slenderness, which was in good agreement with Bažant's 19 size effect law. Nemecek and Bittnar 22 tested square RC columns of three different scales, with a maximum size of 11.8 x 11.8 x 78.7 in. (300 x 300 x 2000 mm) and reinforcement ratios of 2.18%, under eccentric axial load. No significant size effect was observed in the peak capacity. The current ACI design specifications for RC columns 8 neglect any size effect on the nominal axial strength.
RESEARCH SIGNIFICANCE Except for the Japan Society of Civil Engineers, 23 which established a design procedure specifically for the use of FRP reinforcement in RC columns, current guidelines and codes of practice such as in the U.S., 1 Canada, 24 and Italy, 25 do not recommend the use of FRP bars as reinforcement in compression members. In this study, the behavior of GFRP bars in RC columns is investigated based on laboratory tests on full-scale specimens. Although generally limited by high costs and availability of high-capacity testing machines, full-scale experiments are critical to validate the technology and to produce compelling evidence to underpin rational design methodologies.
EXPERIMENTAL PROGRAM
The experimental program included testing of full-scale GFRP and steel RC columns under pure axial load. The specimens had a square cross section with 24 in. (0.61 m) sides, and a length of 10.0 ft (3.0 m). The test matrix is shown in Table 1 . Two different types of GFRP bars and ties were used and are herein denoted as Bar A and Bar B. Both bar types have the same nominal cross section and different surface preparation: deformed shape using helicoidal wraps for Bar A ( Fig. 1(a) ) and sand coating for Bar B (Fig. 1(b) ).
Specimen design
Five specimens were tested: one benchmark steel RC column and four GFRP RC columns. The GFRP RC columns were subdivided into two sets of two, each set identical to the other but using Bar A and Bar B, respectively. The purpose of the duplication is to show that GFRP bars of comparable quality, but from different manufacturers, produce similar responses. The steel RC column had the minimum amount of longitudinal reinforcement, and the minimum tie crosssectional area at the maximum spacing mandated by ACI 318-08 8 in Sections 10.9.1 and 7.10.5.2, respectively. In particular, the total area of longitudinal bars was taken as 1.0% of the gross section area, A g , using eight No. 8 (25.4 mm diameter) bars; No. 4 (12.7 mm diameter) ties were used, spaced at 16 in. (406 mm) on center (which corresponds to the requirement to prevent bar buckling). The same amount of longitudinal reinforcement was used for all the GFRP RC specimens. The same bar size was used for the GFRP ties, with the spacing being reduced to 12 and 3 in.
(305 and 76 mm). The 12 in. (305 mm) spacing was defined to prevent buckling of the longitudinal bars. The ACI 318-08 8 requirement that states that the vertical spacing of ties shall not exceed 16 longitudinal bar diameters has been applied to the case of GFRP bars by accounting for the difference in modulus of elasticity. The 3 in. (76 mm) spacing was selected as the minimum practical spacing.
Figures 1(c) through (f) shows the reinforcement layouts. The cross section layout is identical for all the specimens. Because closed-loop GFRP tie cannot be manufactured, the GFRP ties were made by assembling pairs of C-shaped No. 4 (12.7 mm diameter) bars, and were staggered to avoid having the overlapped legs on the same side for two consecutive layers. No. 4 (12.7 mm diameter) steel ties spaced at 2 in. (50.8 mm) on center were used at the two ends of the specimens to prevent premature failures due to the concentration of compressive stresses. Two No. 4 (12.7 mm diameter) cross ties were used to provide additional lateral support for the longitudinal bars.
Materials
A nominal 5000 psi (34.5 MPa) concrete was used. The specimens were cast one at a time using different concrete batches. The average concrete strength for each batch was based on cylinder samples. The average compressive strength f c and standard deviation for each specimen, based on the results of compression tests on six 6 x12 in. (150 x 304 mm) cylinder samples per ASTM C39, are reported in the second column of Table 2 . ASTM Grade 60 steel bars and ties were used for Specimen S-16. The mechanical properties of the GFRP bars were provided by the manufacturers. Bar A had an average ultimate tensile strength of 88.2 ksi (608 MPa), a strain of 1.38%, and a modulus of elasticity of 6405 ksi (44.2 GPa). Bar B had an average ultimate tensile strength of 103.3 ksi (712 MPa), a strain of 1.60%, and a modulus of elasticity of 6440 ksi (44.4 GPa).
Test setup and procedure
The tests were conducted using a 5 million lbf (22,241 kN) testing machine. When ready to be tested, the column specimen was raised to a vertical position with the use of a crane and wheeled to the machine on a pallet jack. Once placed in the machine, the specimen was hanged to the head of the machine. Special care was taken that the column specimen was directly at the center of the machine and was plumb. To ensure uniformity of the applied load, bottom and top surfaces of the column specimens were hydrostoned. As each specimen was hanged and centered under the crosshead of the machine, a thin layer of hydrostone grouting paste was cast on the base platen and below the specimen. Then, the specimen was lowered and placed on the hydrostone grout layer. Another hydrostone layer was cast on the top surface of the specimen, and a compressive load of approximately 10 kips (44.5 kN) was applied to allow the hydrostone to set.
A photograph of the test setup is shown in Fig. 2 . Several strain gauges were mounted onto the internal reinforcement prior to casting of the concrete, and onto the concrete surface before testing. One strain gauge was attached to each longitudinal bar at the level of the midheight cross section and five strain gauges were mounted onto either the steel tie or the GFRP C-shaped bars located at midheight of the column specimen. A total of eight linear variable differential transformer (LVDT) displacement sensors were used. Four vertical LVDTs (V1 through V4) were used to measure axial deformations, and four in-plane LVDTs (H1 through H4) were mounted at the level of the midheight cross section to measure transverse deformations at the center of each column side. The load was applied concentrically in displacement control mode at a rate of 0.020 in./minute (0.51 mm/minute). The loading was conducted in either five or six cycles with increments of 500 kips (2225 kN). Upon reaching 75% of the expected maximum capacity, the displacement rate was reduced to 0.012 in./minute (0.30 mm/minute) to increase the resolution of the post-peak measurement dataset. Each test lasted approximately 5 hours.
EXPERIMENTAL RESULTS AND DISCUSSION Strength and failure modes
Specimens A-12 and B-12 with large tie spacing behaved similarly to the benchmark steel RC specimen. Failure typically initiated with vertical cracks, followed first by lateral deflection of the longitudinal bars contributing to the splitting of the concrete cover and then by crushing of the concrete core and buckling of the longitudinal bars. In the case of Specimens A-3 and B-3, the load decreased steadily with an increasing axial deformation after the peak and the tests were interrupted manually.
Specimen S-16-The peak capacity was attained when the average axial stress (defined as the ratio between the maximum applied load and the gross cross-sectional area) was equal to 90.4% of the average concrete compressive strength. Figure 3(a) plots the normalized axial stress (defined as the ratio between the average axial stress and the average concrete compressive strength from cylinder tests) versus the axial deformation normalized with respect to the axial deformation, Δ peak , recorded when the peak load P peak was reached. The axial deformation is rendered as the average of the four measurements from the vertical LVDTs. The load stabilized at the level of the peak load before it suddenly dropped. Cracking of the concrete was observed before the concrete cover split and the longitudinal bars buckled. The maximum (post-peak) axial deformation recorded, Δ max , was approximately 135% of the value at peak load, whereas the load dropped to 70% of the peak load. The failure was brittle and occurred at the center of the upper half of the column specimen. Crushing of the concrete core and buckling of the longitudinal bars are documented in Fig. 3(b) and (c) .
Specimens A-12 and B-12-The GFRP RC specimens with 12 in. (305 mm) tie spacing exhibited the same axial strength-axial deformation behavior as the steel RC counterpart. When the peak capacity was reached, the normalized axial stress was 93.2% and 85.9% for Specimens A-12 and B-12, respectively. In both cases, failure was sudden and accompanied by an explosive noise. Figure 4(a) shows the normalized axial stress-normalized axial deformation plot for Specimen A-12. Once the peak load was attained, the load dropped almost instantly without early warning, as no cracking of the concrete was observed until the final crushing. The failure occurred at the entire lower half of the specimen, as shown in Fig. 4(b) . Figure 4 (c) shows a closeup photograph of the failure area: the concrete cover is completely separated, and the longitudinal GFRP bars are buckled and frayed.
Specimens A-3 and B-3-Upon attaining the peak load level, the GFRP RC specimens with smaller tie spacing experienced an increase in axial deformation without crushing of the concrete core due to the confining action exerted by the closely spaced ties. The normalized axial stress at peak was 89.0% and 91.1% for Specimens A-3 and B-3, respectively. The normalized axial stress-normalized axial shortening plot for Specimen B-3 is shown in Fig. 5(a) . After that, the peak load was achieved and the load decreased steadily with increasing axial deformation. The test was manually halted when the load decreased to approximately 50% of the peak load, and the axial deformation reached a value twice that measured at peak load. Figure 5(b) shows a photograph of a failed specimen. Figure 5 (c) was taken after removing the concrete cover, and shows a close-up of a failed GFRP tie and a bulged longitudinal bar. Figure 6 compares the response of all specimens in terms of normalized axial stress and deformation. Each curve is the envelope of all the load-unload cycles imparted. The initial slope is identical for all the curves. The GFRP specimens exhibit a gradual decrease in stiffness as the load reaches approximately 60% of the peak capacity, whereas for the steel RC specimen (S-16), the stiffness starts decreasing as the load reaches approximately 80% of the peak capacity. The axial deformations measured in correspondence with the peak loads were similar for all the specimens, ranging 60 and 8.13 mm) . For all specimens, when the peak load was attained, the average axial stress ranged between 85.9 and 93.2% of the average concrete strength. Table 2 reports the following results for each specimen: average concrete compressive strength f c and standard deviation; peak load P peak ; axial deformation at peak Δ peak ; maximum axial deformation Δ u ; average vertical strain measured in the longitudinal reinforcement at peak ε bar,peak ; load carried by the reinforcement P bar,peak (computed by multiplying the area of longitudinal reinforcement by the average strain and modulus of elasticity of the bar material); load carried by the concrete (computed as the difference between the peak load and the load carried by the reinforcement) and normalized with respect to the net area of concrete multiplied by the average concrete compressive strength (P peak -P bar,peak )/(f c A c ); and the ratio between the load carried by the reinforcement and the peak load, P bar /P peak . In all the columns, the concrete compressive stress at peak was close to 0.85f c (eighth column in Table 2 ), which is the value defined in ACI 318-08 8 as the average concrete compressive stress when an adequately tied column reaches its axial strength. The average load carried by the longitudinal GFRP reinforcement ranged between approximately 2.9 and 4.5% of the peak load, whereas the average load carried by the vertical steel reinforcement was approximately 11.6% of the peak load. The results discussed previously are based on the assumption that the modulus of elasticity of a GFRP bar in tension and compression are similar.
Influence of longitudinal bars
The axial strain in the longitudinal bars and the vertical strain on the external concrete surface at peak are summarized in Table 3 . The range of minimum-maximum strain values, the average value, and the number of readings are reported. For all the GFRP RC specimens, the axial strain in the bars and that in the concrete are greater than those of the steel RC specimen. These results can be explained considering the fact that failure of the steel RC specimen seems to be ultimately caused by the buckling of the longitudinal bars rather than crushing of the concrete core. Conversely, in the case of the GFRP RC specimens with smaller tie spacing, failure is attributed to the crushing of the concrete core, while for all the GFRP RC specimens, the relatively low contribution of the GFRP bars to the load-carrying capacity resulted in higher strains compared with the steel RC counterpart.
Experimental results are in agreement with what one could predict by considering the following. Assume that plane sections remain plane and consider that the low reinforcement ratio makes the column stiffness to be controlled by the concrete section, for all column specimens, axial deformation and peak capacity remain the same. In the case of the GFRP RC column specimens with large tie spacing and their steel counterpart, failure is controlled by vertical bar buckling because of the light confinement provided by the ties. Also, GFRP bars carry less stress than the steel ones because of the lower modulus of elasticity and concrete carries more stress than in the case of the steel counterpart due to its reserve capacity. For GFRP RC column specimens with small tie spacing, vertical bar buckling is restrained by the high confinement provided by the GFRP ties and higher postpeak axial deformations are achieved.
Influence of lateral ties
It has been widely recognized that axially loaded unconfined concrete contracts in volume up to approximately 90% of its peak strength, and then expands at a higher rate as the softening branch develops until failure occurs. [26] [27] [28] [29] [30] [31] [32] Plain concrete dilation ratio (defined as the ratio of transverse to axial strain) has an initial value (Poisson's ratio) generally found to be approximately 0.20 and increases up to 0.50 when the axial strain is approximately 0.002, and grows almost with vertical slope past this point. The following discussion is meant to highlight the impact of the internal confinement provided by the ties on the post-peak deformability of the column specimens. The analysis in terms of volumetric strain and dilation ratio seems to be very helpful to justify the less brittle behavior of the GFRP RC column specimens with small tie spacing when compared with the ones with large tie spacing.
Figures 7 and 8 show the volumetric strain-axial strain response and the dilation ratio-axial strain response, respectively, of all the specimens. The axial strain was considered as the measured axial deformation averaged along the entire height of the column. The volumetric strain (change in volume per unit volume of concrete) was calculated as the sum of the axial strain and the two transverse strains at the midheight cross section along the orthogonal directions of the LVDTs H1-H2 and H3-H4, respectively (Fig. 2) . It must be noted that the volumetric strain discussed herein is ideal because not all cross sections behave as the midheight cross section due to restraints provided by the loading platens. The midheight cross section is thought to suffer the least of the effects of the boundary conditions. It is assumed that a positive volumetric strain indicates volume reduction, whereas a negative value indicates expansion. The dilation ratio was defined as the ratio between the average transverse strain along the orthogonal directions of the LVDTs H1-H2 and H3-H4, respectively, and the axial strain.
In Fig. 7 , the initial slope of all the curves is close to 1 -2ν (where ν is the Poisson's ratio of the concrete assumed equal to 0.20), which corresponds to the perfectly elastic condition. The curves deviate from this line and reach their maximum (point of reversal in volumetric strain) as the load approaches its peak value. This point corresponds to the onset of uncontrolled crack growth leading to failure. In the cases of the GFRP RC specimens with larger tie spacing (Specimens A-12 and B-12) and of the steel RC specimen (Specimen S-16), the post-peak branch has a limited extent and rapidly develops into failure. In the case of the GFRP RC specimens with smaller tie spacing (Specimens A-3 and B-3), the larger development of the post-peak branch clearly shows that crack progression is more stable. In fact, the small spacing of the ties provides a lateral constraint for the cracked concrete core and delays unstable crack propagation.
In Fig. 8 , the dilation ratio for all the specimen ranges between 0.15 and 0.30 up to axial strains of approximately 0.002. In the case of the GFRP RC specimens with larger tie spacing (Specimens A-12 and B-12), the dilation ratio remains constant between 0.15 and 0.20 up to a strain of approximately 0.0020, past which it increases indefinitely. This is in agreement with the experimental evidence relative to plain concrete according to which the Poisson's ratio has an initial value generally found to be approximately 0.20 that begins to increase nonlinearly when concrete starts cracking, and grows indefinitely until failure. The dilation ratio for the steel RC specimen (S-16) has an average value of 0.25 through axial strains up to 0.0028, past which it rapidly increases. No readings are available to describe the increasing branch because the loss of confinement, crushing of concrete, and buckling of longitudinal bars occurred almost instantaneously. The dilation ratio for Specimen A-3, with smaller tie spacing, starts from a value of 0.20 and increases fairly linearly up to an axial strain of approximately 0.0028, where it reaches a value of approximately 0.40. Past this level, the dilation ratio increases more rapidly and reaches a limit value near failure of approximately 0.90. In the case of Specimen B-3, the dilation ratio is approximately 0.20 up to an axial strain of approximately 0.003, and then rapidly increases up to approximately 0.90 at failure. It is noted that the dilation ratio-axial strain curve for the GFRP RC specimens with small tie spacing has a similar trend as in the case of lightly confined concrete. [26] [27] [28] [29] [30] [31] [32] 
CONCLUSIONS
Based on the experimental evidence gained through the full-scale experiments presented in this paper, the following conclusions can be drawn.
• The behavior of RC columns internally reinforced with GFRP bars is very similar to that of conventional steel RC columns if the longitudinal reinforcement ratio is equal to 1.0%. No appreciable difference was observed in terms of peak capacity. Failure of the steel RC specimen happened due to buckling of the longitudinal reinforcement when still in the elastic range, whereas the GFRP RC specimens failed due to the crushing of the concrete core at axial strains higher than those measured in the steel RC counterpart.
• The use of longitudinal GFRP bars is not detrimental to the performance of RC columns. The contribution of the GFRP bars to the column capacity, however, was less than 5% of the peak load, which is significantly lower than that of approximately 12% of the steel bars in the steel RC counterpart. It is concluded that the contribution of the GFRP bars may be ignored when evaluating the nominal capacity of an axially loaded RC column.
• The 3 in. (305 mm) spacing of the GFRP ties does not contribute to increasing the peak capacity, but strongly influences the failure mode by delaying the buckling of the longitudinal bars, initiation and propagation of unstable cracks, and crushing of the concrete core.
• After concrete cover splitting, the C-shaped GFRP ties become only partially effective to the confinement of the concrete core. A new technology to pultrude closed GFRP ties is in development.
• The difference in the GFRP bar manufacturers does not affect the performance when bars are of comparable quality. The limitation to specimens subjected to pure axial loading conditions precludes this research from proposing an immediate change of the ACI 440.1R 1 guidelines to include design criteria for compression members in terms of definition of longitudinal and transverse reinforcement. As a first step towards the inclusion of the GFRP-reinforced columns into the current ACI practice, however, the following considerations can be made.
1. The largest axial load a GFRP RC column can support (corresponding to the point of pure axial load in the column interaction diagram) can be computed neglecting the contribution of the internal GFRP reinforcement and considering the only force carried by the concrete, which is equal to 0.85f c ′A c .
2. Given the fact that the GFRP RC column specimens and the steel one experienced the same behavior in terms of peak capacity, the same strength-reduction factor for pure compression as in the case of conventional steel can be adopted. More experimental evidence is needed to define rigorous strength-reduction factors for the case of eccentric vertical loads.
3. Use of GFRP bars as internal reinforcement in concrete columns becomes uneconomical when lateral loading conditions produce bending moments equivalent to vertical loads with an eccentricity that does not remain within the middle third of the cross section. Further research should include the effect of flexure and shear and be limited to the case of vertical loads applied with an eccentricity that does not exceed the boundaries of the cross-sectional kernel. 4. Given the low contribution to column capacity, limiting the area of GFRP reinforcement to 1.0% of the gross sectional area appears reasonable.
5. The design of transverse reinforcement for GFRP RC columns cannot be based on the same criteria on which requirements for conventional steel transverse reinforcement are based. The brittle failure experienced by the GFRP RC column specimens with large tie spacing, which was defined by adapting ACI 318-08 8 requirements to the case of GFRP ties, is not desirable. Further investigation is needed to define a GFRP tie spacing that is more economically-efficient than the 3 in. (305 mm) one proposed in this work and, at the same time, able to prevent brittle failure of the concrete column.
6. Further study is also necessary to evaluate the effects (if any) of creep in the concrete on the GFRP reinforcement.
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NOTATION
A c
= net cross-sectional area of concrete A g = gross cross-sectional area of column A s = cross-sectional area of longitudinal steel reinforcement f c = average experimental cylinder compressive strength of concrete = nominal cylinder compressive strength of concrete f y = yield strength of steel P bar,peak = load carried by longitudinal reinforcement at peak P c = axial force carried by concrete P n = nominal axial load capacity of column P s = axial force carried by longitudinal steel reinforcement P peak = peak load Δ peak = axial deformation at peak load Δ u = maximum axial deformation at failure ε bar,peak = average axial strain in longitudinal reinforcement at peak φ = strength reduction factor ν = Poisson's ratio of concrete ρ = longitudinal reinforcement ratio
